Introduction
Spontaneously broken left-right symmetry and the idea of quark-lepton unification are nicely encapsulated in the SU (4) C × SU (2) L × SU (2) R (4-2-2) gauge symmetry proposed by Pati and Salam [1] . With gauge bosons that can mediate proton decay absent, the 4-2-2 symmetry may well be broken at scales that are orders of magnitude lower than the usual grand unified scale M GU T ≃ 2 × 10 16 GeV. A lower bound on the 4-2-2 breaking scale of around 100 TeV arises in the simplest model from the non-observation of the decay K → µ + e mediated by some of the gauge bosons in SU (4) C . The experimental constraints on the left-right gauge symmetry breaking scale are significantly milder [2, 3] , and indeed this symmetry may be broken at a scale that may be accessible either at the LHC or its upgrades.
In this letter we propose to explore the low energy consequences of a 4-2-2 model derived from an intersecting D-brane framework. As is well known, the 4-2-2 model realises quark-lepton unification in a natural way. Several other attributes of this symmetry [4] - [7] are the incorporation of the right-handed neutrino in the spectrum, the absence of gauge bosons mediating fast proton decay etc. 3 The last few years there has been growing theoretical and experimental interest in the theory of fundamental interactions in the TeV region. We believe that the 4-2-2 model incorporates all the ingredients to interpret possible related findings and therefore in this note, we would like to examine low scale symmetry breaking patterns and explore possible predictions. Indeed, the present experimental bounds on scalar superpartners are close to the TeV scale while searches for new gauge bosons have put lower limits at a few TeV. Supersymmetric scalar masses of the MSSM states are definitely related to supersymmetry breaking, while the existence of new gauge bosons are naturally associated with some new symmetry breaking scale. A natural candidate of such a new gauge symmetry, not far above the electroweak (EW) scale, is SU (2) R , so that above this breaking scale, the model is left-right symmetric. Moreover, there is a good chance that the associated gauge boson with a relatively low SU (2) R breaking scale leaves its signature in experiments through new interactions, which may be identified in future Diboson searches [9] . The left-right symmetric model is naturally embedded in a quark-lepton unified (4-2-2) symmetry which admits an interesting string realisation in the context of heterotic superstrings, the intersecting D-brane scenarios, as well as in F-theory [10] - [13] . However, although the PS symmetry unifies quarks and leptons, yet its symmetry structure consists of a product of non-abelian factors and as such, does not necessarily imply unification of the gauge couplings. Given this fact, from the above string theory realisations, the intersecting D-brane set up, appears to be the most natural scenario. Indeed, within this context, each group factor is associated with a different brane stack with its own gauge coupling strength, therefore the PS model is naturally motivated in an intersecting D-brane framework. Moreover, the tight connection between the unification scale and the Planck scale M P lanck is no longer mandatory and the symmetry breaking scale can be substantially lower than M P lanck .
In this note, we investigate the realisation of a two step symmetry breaking scenario of the 3 For a recent review see [8] . The layout of the paper is as follows. In section 2 we discuss the D-brane framework for the 4-2-2 model and present the particle spectrum in Table 1 . A variety of new fields appear that are absent in the standard field theory constructions. They include a SM sterile neutrino which turns out to be a plausible dark matter candidate. In section 3 we consider the two step breaking of 4-2-2 to the SM. We exploit here a triplet-singlet splitting mechanism, which is analogous to the well-known doublet-triplet mechanism of SU (5). The left-right symmetry breaking scale lies in the TeV range which may be found at the LHC or its future upgrades. Section 4 contains a discussion of neutrino masses which includes the inverse seesaw mechanism and a sterile keV mass neutrino. A brief discussion in this section of proton decay shows that it is adequately suppressed in this class of models. Our summary and conclusions are presented in section 5.
4-2-Spectrum from intersecting D-branes
In this section we will present the basic features of an open string realisation of the 4-2-2 gauge symmetry. In general, there are several methods to construct 4-2-2 vacua in string theory, such as Calabi-Yau compactification, Type IIA string theory, interacting CFT constructions and also Gepner constructions. For the purposes of this work we find it convenient to represent these models in terms of intersecting D-brane configurations which is the appropriate description for type IIA string theory. The low energy phenomenology of the 4-2-2 symmetry built in the framework of intersecting D-brane scenaria differs in many respects from the corresponding model which admits an SO(10) embedding [7] . The main reason is that intersecting D-brane constructions yield an U (4)×U (2)× U (2) gauge group, which is the 4-2-2 symmetry augmented by three U (1) factors. Indeed, recalling that U (n) ≃ SU (n) × U (1)/Z n the final gauge symmetry of the D-brane version of the effective field theory model is
The intersecting D-brane set up associated with the above symmetry is depicted in Figure 1 . Each gauge group factor U (n) is associated with a set of n parallel, almost coincident, D-branes, while the various massless states are represented by open strings attached on the various sets of branes in the appropriate configurations. This set up gives rise to bi-fundamental representations which accommodate the particle spectrum of the model. The most general picture of the available representations is as follows: i) Open string connecting two brane stacks, give rise to bifundamental representations with respect to the corresponding gauge groups; ii) open strings stretched between a D-brane and its image transform in the antisymmetric or symmetric representation of the gauge group; ii) for each group factor, we should include the adjoint representation which arises from open strings stretched between branes in the same stack.
To underline the salient features of the D-brane derived 4-2-2 models, in Table 1 we present a minimal set of fields obtained in the context of a D-brane set up, which are required for the realisation of a viable effective model. There are states originating from string vibrating at the intersections ab, bc, ca of the three D-brane stacks a, b, c. There are also states emerging from strings with ends attached to the mirror branes a * , b * , c * (not shown in figure) . The observed chirality of the spectrum can be adjusted from appropriate string boundary conditions but, in general, the spectrum may contain additional vector like pairs. As expected, all massless states associated with the open string spectrum, are charged under the extra U (1) factors. Indeed, returning to the content of Table 1 , we note that the last three entries show the 'charges' of the representations under the three abelian factors
It is remarkable that the abelian factor U (1) C plays a central rôle in defining the baryon and lepton quantum numbers. Indeed, if we consider the breaking
we find out that they are defined in terms of the linear combinations [11]
We note that in the context of the Standrad Model these are global symmetries which are anomalous. In the framework of intersecting D-brane constructions, the U (1) C,L,R symmetries also are anomalous and only particular combinations are anomaly-free. It transpires that these U (1) anomalies are cancelled by the generalised Green-Schwarz mechanism (through couplings between the RR two form field and the corresponding field strength, see for example [14] ), which induces masses for the corresponding gauge bosons. Yet, at the perturbative level, these remain as global symmetries which prevent rapid baryon and lepton number violating processes.
In the following we describe the embedding of the Standard Model states in the 4-2-2 representations and the Higgs mechanism for a two-stage symmetry breaking to SM. The fermion generations are accommodated in the following representations
which make up just the 16 of the SO(10). The Standard Model particle assignment is
The Higgs sector comprises the following fields. The non-trivial representations are the SU (4) C adjoint Higgs field Σ = (15, 1, 1), the bidoublets h, h ′ in (1, 2, 2) + c.c., and the two Higgs fields 
H and H, namelyH
In an SO(10) embedding we note thatH, H descend from the 16 and 16 of SO (10) respectively. In addition, a suitable set of singlet fields develop vacuum expectation values (vevs) to provide masses for the vector-like pairs and right-handed neutrinos. The minimal spectrum derived from the D-brane scenario is given in Table 1 , where the transformation properties under the various quantum numbers are also shown. Notice, in particular, that the triplet pair D
found in the decomposition of the sextets has the quantum numbers of leptoquarks since they simultaneously carry both baryon and lepton number under the definitions (3,4).
Two Step Spontaneous Symmetry Breaking
Having defined the spectrum of the model, in this section we proceed with the implementation of the two-step spontaneous breaking of 4-2-2 symmetry. The
breaking is realised with the Higgs field Σ = (15, 1, 1) listed in Table 1 :
Then, at this stage, the symmetry of the model is
The decomposition of the various representations of the model are shown in Table 2 .
The breaking of the left-right symmetric group in (10) to the SM gauge group takes place from the non-zero vevs along the neutral components ν c H , ν c H of the right-handed doublet fields L H ,L H in H,H. Notice that these Higgs fields are also 'charged' under U (1) R . Then, their vevs, combined with theN , ν s singlet non-zero vevs which will be discussed later, will also break the U (1) L and U (1) R symmetries. At the final stage, the SM symmetry breaking occurs with a non-zero vev of the bidoublet h.
Before studying some implications for the effective low energy theory, recall first that in the D-brane construction described above, in addition to the chiral states F L ,F R accommodating the fermion generations, vector-like pairs such as
, are usually present in the zero mode spectrum. However, such pairs arise with opposite U (1) charges and, in principle, receive heavy masses of the order of the GUT scale, namely
). For the Higgs fields given in (7, 8) , however, there is an additional contribution due to the coupling with the adjoint,
Substituting (9), we obtain
where 
. This "singlet-triplet" splitting is similar to the "doublet-triplet" splitting in SU (5) scenario.
Low Energy Phenomenology
In the previous sections we stressed that there is a natural way to provide masses for the vectorlike states that might appear in the spectrum. Hence, fields such as color sextets D 6 and triplets ∆ L,R of Table 1 decouple from the light spectrum as long as they appear in pairs with opposite U (1) charges. We also noticed that, when the SU (4) C adjoint Higgs acquires its vev, the Higgs pair H +H is a remarkable exception to this rule and, therefore, it remains in the 'massless' spectrum of the effective theory.
In this section we analyse the Yukawa sector and, in particular, the terms generating masses for the SM charged fields and neutrinos. The superpotential terms of the effective model should be invariant under the gauge symmetry of the original D-brane configuration of the model. We will also introduce 'matter' parity R to suppress unwanted superpotential terms and possible exotic interactions. To this end, the fields Σ, H,H,N , h acquire vevs and will be assigned positive R parity and the fields F L ,F R , N are assigned negative R parity.
Next, we analyse the contributions of the tree level terms. The third family charged fermion and Dirac neutrino mass could emerge, to a good approximation, from a common Yukawa term, λF R F L h. As a result, in the simplest constructions, the 4-2-2 symmetry imposes approximate third family Yukawa unification
However, these are not the only mass terms for the neutrino sector. The following invariant couplings also involve the neutrino fields
where M * is the compactification scale, M * M GU T . The termF R HN suggests that the singlet field N = (1, 1, 1) (0,0,−2) can be interpreted as a sterile neutrino. Therefore, assuming a non-zero vev for the scalar component of theN singlet (positively 'charged' under U (1) R ), eq. (13) yields
where we have defined
The new neutral state N coupled to the ordinary neutrino fields with the superpotential couplings (13) gives rise to an inverse see-saw mechanism [19, 20] . Assuming three N singlet fields, in particular, we obtain a 6 × 6 matrix of the form
The three left handed neutrinos obtain eigenmasses of order
which must be sufficiently light (of order 10 −1 − 10 −2 eV) to interpret the neutrino oscillations data.
In order to provide an estimate, we make the following assumptions for the various scales involed in (17) . Observing that the singletN carries U (1) R 'charge', we first make the reasonable assumption that its vev is associated with the SU (2) R breaking scale
where κ is a dimensionless constant. Then, from (15) we find that the scale µ is
Substituting into (17), we find
For M * of the order of the GUT scale and the Dirac mass m D of the electroweak mass scale, and with κ 1, we can obtain the desired left-handed neutrino masses.
The interesting fact here is that a new mass scale µ is effectively generated and it is associated with the "sterile neutrino" N . Since the light neutrino scale computed from the inverse see-saw matrix does not depend on the details of the SU (2) R breaking scale, we are free to choose V R (provided it satisfies the experimental bounds) so that the emergent scale µ takes the desired value. Thus, a well motivated choice is related to the possible interpretation of the dark matter puzzle through the existence of a light (order a few keV) sterile neutrino. 4 In general, the two eigenvalues of this matrix are almost degenerate. However, with the particular choice of SU (2) R breaking scale and the existence of several neutral singlets, as is the case in the present D-brane construction, a light neutral state can emerge naturally. 5 As an example, assuming that the µ parameter in (16) represents a submatrix of the extra singlets with a scale of the order 10 keV, the scale V R is given by
Working out the eigenvalues of the mass matrix (16) one can see that it is plausible to obtain a light neutral state of mass O(10 keV) which could be interpreted as a dark matter component provided it is sufficiently long lived.
A major issue in many grand unified models is the problem of rapid proton decay. The 4-2-2 symmetry does not contain the gauge bosons that mediate dimension six baryon number violating processes. Then, the only source of proton decay is associated with dimension five or higher dimensional operators, related to graphs containing SM color triplets and other states, and the predictions are very model dependent. Operators of this kind are of the form QQQℓ, QQu c e c , u c d c d c ν c etc., and may arise from non-renormalisable terms of the form
Such couplings, however, are prevented from the 4 See for example [23, 24] and references therein. Also, our estimates are in agreement with recent constraints [25] arising from from the Galactic center give a bound mν s ≤ 15 keV. MstrF RFRD6 N give rise to diagrams similar to those discussed in [29] , and their strength is determined by the vev of the scalar component of the singlet ν s . There are no constraints on the possible values of ν s , but if this is taken to be close to the GUT scale, the proton lifetime is estimated to be of order 10 35 -10 36 yr, which will be tested by the recently approved Hyper Kamiokande experiment [30] .
Discussion and Summary
In this letter we have analysed a class of 4-2-2 models within the framework of intersecting Dbranes. The low energy spectrum contains additional particles that normally do not appear in the usual field theory based 4-2-2 models. We focused on breaking the 4-2-2 symmetry to the SM gauge group via an intermediate step SU ( The possibility of keV mass sterile neutrino as a potential new dark matter candidate is a striking example of this. The appearance of additional U (1) symmetries which prevent rapid proton decay is certainly very helpful and a much desired feature for realistic model building. Proton decay via higher dimensional operators can yield lifetime estimates on the order of 10 35 -10 36 yr which will be tested by the Hyper Kamiokande experiment.
